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ABSTRACT

During the last vear, the Fermilab Doubler mag-
nets have benefited from a development effort to up-
grade the performance of the superconducting magnets.
This paper presents the results of this effort. The
design philosophy and the fabrication techniques used
07 current magnets will be discussed, along with inno-
vative laminated tooling which has been designed to
give Fermilab a two dipole a day production capabili-
ty. Specific topics to be discussed are coil geometry,
ceil winding techniques, coil clamp collars, buss geo-
metry and insulation, integral quench heaters for
quench protection, ceoil twist, coil helium irrigation
and assembly techniques that assure azimuthal preload
and accurate coil size.

INTRODUCTION

In order to minimize the construction and cpera-
tion cost of the Fermilab Energy Doubler project and
also due to space limitations in the existing 500 GCev
synchrotron tunnel, a relatively simple "warm" iron,
cold bore magnet design - was adopted. Three distinct
modules are separately fabricated and assembled to form
a complete wmagnet: the collared coil, the cryvostat
and the iron shield yoke.

The coil package for the dipole consists of a two-
shell design with the first 10 turns of the inner shell
at the ends separated with .100" spacers to reduce the
peak field at these locations. By varying the azimu-
thal coil angles of the inner and outer shell, the two-
dimensional field region can be adjusted to cancel the
sextapole and decapole terms present in the ends of the
magnet,

By virtue of its location between the rigid coil
clamp collar and the iron yoke, the cryostat need not
be self-supporting and is fabricated ocut of thin stain-
less steel sheet metal. Precise alignment of the coll-
ared coil assembly relative to the iron yoke is assured
by means of rigid G-10 force transfer blocks located
periodically within the cryostat. The cryostats come
partially assembled from several vendors.

The magnetic shield differs from conventional mag-
net yokes only in their cross section. They are assem~
bled out of laminations into left and right halves in
a stacking fixture and joined around the coil and cry-
ostat assembly to complete the magnet.

Over 100 collared dipole assemblies have been com-
pleted. Roughly half of these have been inserted in
cryostats with iron shields and are in various stages
of installation in the synchrotron tunmel. As problems
became evident during their comstruction and testing,
they were corrected or improved. Laminated tooling
was designed to improve coil accuracy and production
rate. Coil measuring fixtures were constructed to mon-
itor coil sizes. Conductor motions have been reduced
with increased preload. A new type 5 coil clamp collar
has been adopted which has a higher resistance to fati-
gue and is torsionally mcre rigid. Heaters have been
installed in the dipole for quench protection and a
new buss geometry has been adopted.
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The prototvpe Doubler guadrupele magnet was a
"warz” iron, cold bore, three-shell design. Seven mag-
nets of this type have been constructed and success-
fully tested. Recently, a two-shell quadrupele decign
was adopted to simplify fabrication and allow a higher
production rate.

COIL FABRICATION AND MAGNET ASSEMBLY

The sequence of fabricating a collared dipole coil
assembly starts with the winding and hot molding of two
identical 35 turn inner coils. Our original technique
of "saddle" winding these coils was abandoned in favor
of our "pancake” technique. This technique consists cf
winding a flat coil around an articulated key mounted
on a .060" steel retainer sheet. After winding, the
coil is covered with a second .060" steel retainer and
transversely compressed by means of side rails to a
dimension approximately equal to the desired outer are
length of the finished coil. The side rails are then
fastened to the retainer sheets, resulting in a "pan-
cake sandwich". This is formed around a mandrel using
a female mold in a 22' long press and cured, vielding
the conventional "saddle" coil configuration. This
technique has proved to be fast and accurate.

The outer ceoils are "saddle" wound using the inaer
preformed coils as a winding mandrel. This technique
has resulted in adequate conductor placement accuracy
due to the smaller number of turas (21) in the coil.

In order to provide for LHe edge cocling, a laver of
.021" thick interrupted G-10 is placed between the
inner and outer coils.

The cured two-shelled upper and lower coil halves
are placed on the assexbly mandrel, covered with .030"
thick premolded mylar ground insulation (later to be
Kapton) and fitted with 4" long collar sections. The
loosely cellared coil assembly is placed into a pair
of massive channel-shaped fixtures which provide
precise vertical and horizontal constraints to the col-
lar as it is sized in a 3200 ton hydraulic press. Fin-
ally, the assembly mandrel is removed from the coil by
means of a ratched-actien hydraulic cylinder and the
collar is welded on both sides by automatic welding
machines.

Fig. 1 Dipcle lower coil



Fig. 3 Half yoked dipole

A magnet is completed by pushing a collared coil
into a prefabricated cryostat, welding on the cryostat
end closure pieces and firnally fitting the twe halves
of the prefabricated voke. Note that this production
sequence lends itself to production line techniques.
With the present manpower available, a production rate
of 5 collared coils per week has been achieved with
250 manhours required per collared coil. The iz house
manpoweY per magnet is approximately 400 manhours if we
add the cryostat, yoke and inspection steps. It is
expected that the production rate can be doubled with
the efficient use of available tooling and three fully
staffed shifes.

The quadrupole magnet fabrication utilizes the
same principles devised in the dipole development
program except that the coils are all saddle wound.

The four sets of e¢oils are wound as double shells,
pressed and cured in the same manner as the dipoles.

In order to support the four individual coils, the
collars are applied from four sides rather than two,
necessitating the application of collars cme at a time.

TOOLING
The equipment available to produce collared dipole

coil assemblies consists of three 22°' long vinding ma-
chines for producing coils, two 22°' long presses with
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ntezral molds for ferming coils and two 3260 ton
¢sses for sizing and welding collared coils. In
2izion, there exist several sets of inner and cuter

g mandrels, assexdly mandrels, and channel tool-
£ used to size the ccllars.

All molds, winding mandrels and kevs preseatly in
s¢ are made of laminations. 1In our experience, 22°
°nz teels, even in simple shapes, cannot be economi~
ally made to a .0003" tolerance. However, relatively
inexpensive dies using Elox cutting techniques can
Procuce complex cross sections to .0005" tolerances
and 2 lanination unifermity of .0001" is within the
present state of the art. Tools assembled out of
stacked laminations are therefore uniform thru-out
their length and make replication of tooling very sim-
ple.
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Fig. & Outer dipole mecld laminations

To achieve these tolerances, the laminations are
made out of mild steel. All bearing surfaces of the
tocling are therefore fitted with hardened steel in~
serts of simple rectangular cross section which can be
ground to a .0005" tolerance. These inserts also allow
us to change the molded azimuthal angles of subsequent
coils to compensate for systematic field errors meas-
ured in completed magnets.

CONDUCTOR PLACEMENT ACCURACY

In order to reduce the AC loss inherent in ramped
magnets, the superconducting cable adopted for the
Doubler magnets was a Rutherford type cable made by
twisting 23 strands, each of .027" diameter, into a
(.034" - .055") x .307" kevstoned cross section in a
Turkshead die. The keystoned shape allows for proper
conductor stacking in the cylindrical coil geometry
and is porous to allow for LHe irrigation. The poro-
sity of coils is maintained by the use of a non-adhe-
sive 7/12 lap layer of .001"™ x .375" Kapton for elec-
trical insulation followed by a .125" gap helical
wrap cf .007" x .25" B-stage epoxy impregnated glass
tape for bonding. -

The typical mean aziwuthal arc length vs. applied
pressure behavior of a dipcle inner coil is plotted
in Fig. 5. Rigid and accurate conductor placement
of these porous coils is chrained by compacting the
coils during assembly into a split collar. The collar
presects a rigid, precise radial and azimuthal outer
boundary to the coils.

To the extent that the coils act like piece
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Fig. 5 Inner dipole coil size measured relative to
2.145", the mold dimension.

wise linear springs in the azimuthal direction, the
upper to lower coil boundary within the collar at

a given azimuthal force is determined by half the
difference in azimuthal coil size measured at that
force. These coil sizes (Fig. 6) are regularly
measured as part of our ongoing quality control pro-
gram. Although the coil sizes vary within a .020"
range, resulting in a variable preload, the coil
boundaries for collared coils are on the average with-
in .001" of their calculated position.
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Fig. 6 The irner dipole coils were measured at an
aziruthal pressure of 4780 1bs./sq. in. The
error bars represent the standard deviation of
11 measurements taken along the length of the

coil.

The bore dimension of the magnet is determined
by the wall thickness of the coils, which reproduce
within .001” due to the small cumulative tclerance in
this direction. Strain gauge measurements on the OD
of the collar and the ID (bore) of the coils have
shown that the radial compression of the coils is less

than .001".

The azimuthal conductoer placement within inZivid-
c¢oils 1s harder to centrel. ' The conducter diseri-
ion within the inner dipole laver, the laver whose
=ductor distribution is most difficult to contreil,
has been optically measured on cross sections of ¢
ared dipcles. The measurements indicate that the con-
ductors have a mean position error relative to the cor-
rect position of less than .001" with a standard devi-
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aticn of .003". For the outer dipole coils and the
quadrupole coils, this error is expected to ke less
due to the smaller number of conductors present.

Calculations and measurements indicate that the
conductor placement of the magnet ends are an crder
of magnitude less critical than the two dimensional
part of the magnet. In this case, the contour of
the ends is assured by molding precision G-10 spacers
to the ends during the coil curing stage. These
spacers remain with the coil during assembly.

CONDUCTOR MOTION AND PRELOAD

Heasurements2 performed on 1 ft. long prototvpes
of the Doubler superconducting dipcles indicated that
the azimuthal compaction of coils in energized magnets
can be limited to a few thousands of an inch with
adequate azimuthal preload. Early attempts to size
coils such that this preload is trapped in the collar
on full sized magnets failed for the following reasons:
The coil clamp collar used to be bonded at 200°F with
heat cure epoxy. During this process, the trapped
coils under the combined effect of heat and pressure
collapsed. This effect has been measured to start
at 125°F,

The preload that remained was further reduced
by the differential coil to collar shrinkage from
room to LHe temperature. The difference in azimuthal
coil size A £ (P) measured at room temperature and
LN temperature both at azimuthal pressure P has been
peasured to follow the egquation:

20(R) | 3003k _ (3.55 .35 x 1070
L 78R 2.3+ .22) x 1077 (p-Py)

where Py equals the pressure at which the sample is
cooled. All pressures are expressed in lbs./sq. in.
The (P-Pg) term accounts for the difference in Young's
modulus at the two temperatures.

In order to assure adequate preload, the inner
and outer coils of the superconducting dipole have
to be molded .040" and .005" oversize in the azimuthal
direction. The collars are now welded to eliminate
tezperature induced coil yielding. Upon coel down, at
least 4700 1bs./sq. in. of azimuthal preload remains
in the inner coil. This has been verified by slitting
the collar at the median plane of the dipole and
measuring the force required to return the sprung
collar back to its nominal dimension at room tempera-
ture and LN temperature.

Conductor motion in the supercenducting dipoles
has been limited to less. than .003" in both the
azizuthal and radial direction at 45 RG. The axial
zotion at this field has been measured for E22-43 and
eguals .050". The morion related field perturbations
as a function of current are therefore dominzred by
the two-dimensional part of the magnet,

COLLARS

Fatigue tests performed on 1" sections of the
type = collar previously used on the dipoles predicted



cheor tallure arter 10 magnet oyvoles., Furthermore,

the collar was uvnable to contain the coil prelead

W 'hout excessive deformation and had insufficient
sistance to axial torques.

A new "solid" tvpe 5 collar design has been
2dopted that cvercomes these problems. The fat
print has been raised to 107 an order of
magnitude greater than the anticipated 1ife of the
accelerator. Anyv twist present in the collared coil
assembly after welding is measured relative to a
surface plate and reduced to less than 3 milliradians
with a torque fixture. The ccllar is then surface
coated in place with low viscosity room cure epoxy.
It penetrates .1" and effectively results in a tube
of this wall thickness to counteract any torques
present.
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COIL FATIGUE

The premature failure of the type &4 collar under
repeated small motions prozmpted a test of the imner
dipole coil under similar conditions. The cyclical
azimuthal pressure and the resultant conductor motiom
that the coil experiences during a magnet curreat
cycle was approximated by applying an azimuthal
variable pressure at a rate of 2 cycles per second.
The test was performed with the sample immersed in
LN. A comparison of the azimuthal coil size measured
at the start of the test and after the sample
experienced 10° pressure cycles showed no measurable
size reduction or any other visible signs of damage.

BUSS LEAD

Unlike the other conductors in the magnet, the
buss electrical insulation has to withstand 3 KV. To
obtain the radial clearance in the magnet for the
additional insulation, the buss cable was fashioned
out of undersized .025" diameter strands to a cross
section of (.043" - .049") x .286". This buss
is insulated with 4 layers of 7/12 lap .001" x
Kapton followed by an armor layer composed of
alternating dry and B-stage impregnated .007"
x .25" Kevlar tape helically wrapped with a butt lap.

.375"

HEATERS

Two heaters, one redundant, have been installed
in the dipoles as part of a proposed quench protec-
tion circuit for the Doubler. The purpose of the
heaters is to initiate a uniform longitudinal quench
in the superconducting turn izmediately adjacent to
the heater. This quench rapidly propogates in the
transverse direction from turn to turn, permitting
the magnet to absorb its stored energy without damage.

Each heater consists of a .005" x .200" stainless
steel strip wound under the glass tape of the complete
first turn of an outer cofl. It faces away from the
coil and is insulated from the turn by a .010"
strip of Kapton.

QA QUADRUPOLES
The prototype QA quadrupole was a 3.23" hore,
3-shell design. The teoling for this magnet was
designed for accuracy aad sufficient prelecading
capability, both of which were attained.

The first several quads did not attain a prelcad
internally. The loss of preleoad was traced to the
neat cure cycle of bonding the cellars. The last two
quads were then bonded with room temperature cure
epoxy. They did achieve azimuthal prelcad. The
verification of prelead was obrained by magnetic
field measurements under excitation. The 12-pole

.

component is Sensitive to change in the coil si
calculation, the ratio of the 1l-pole to the --
cemponent (i.e. quadrupcle) at 1 inch radius oh

by 1 part in 10,000 for a 0.001 inch azimuthal
Adequately preloaded ccils will then show a con
12-peoie ratio witb \erz“g excitaticn Lurrcnt,
change will indic ::ion. The heat cured c<
assechlies show a 1. e ratio changing with excita
ticn (Fig. 7A). The ni ude of the observed 2

in this ratio agrees we 11 sxth independent mechanical
measurements of the c¢cil motion under excitation. The
room temperature cureéd collared assemblies (Fig. 73)
show a constant value for this ratio, indicating

a motion of less thaa C.001".

QB QUADRUPOLE

The production B quadrupole is a 3.3" bore, tws-
shell design.  Dipole tocling techrniques have been
incorporated to produce tooling that will allow a high
production rate. A spacer has been incorporated in the
inner c¢oil which reduces the 20-pcle a factor of 5 over
the QA design. The first QB magnet tested reached 5300
A (22KG/in.) in three quenches. A preliminary harmonic
probe analysis indicates no conductor motion in the
coils.

. v T T ™

CHANGE IN (12POLE /4 POLE)RATIO AT{ IN

O = =
e
A ]
f F 1]
LP /AL i —k A 11
(o] i 2 3 4 )
CURRENT KiLOAMPERES

Fig. 7 QBA Magner 12 Pole to 4 Peole Ratios.
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